Background: Although patients with heart disease sometimes complain of shortness of breath with rapid and shallow ventilation, its precise characteristics are unclear. We evaluated the relationship between exercise tolerance and the degree of rapidness and shallowness of breathing during exercise. Methods and results: Thirty-eight heart disease patients with shortness of breath during daily activity underwent pulmonary function test and cardiopulmonary exercise testing on the same day. Regression line relating tidal volume to respiratory rate (TV/RR slope) during a ramp protocol below the inflection point was regarded as an indicator of rapid ventilation. Tidal volume after the inflection point was regarded as an indicator of shallow ventilation (TV at plateau). TV/RR slope showed weak but significant positive correlation with anaerobic threshold (r = 0.317) and peak VO 2 (r = 0.302). WithVE vs.VCO 2 slope, it was negatively correlated (r = −0.528). TV at plateau was strongly correlated with inspiratory capacity (r = 0.641). It also showed strong correlation with anaerobic threshold (r = 0.594), peakVO 2 (r = 0.550), andVE vs.VCO 2 slope (r = −0.390). There was positive correlation between TV/RR slope and TV at plateau (r = 0.647). Conclusions: It is suggested that both rapid breathing and shallow breathing are related to impaired exercise tolerance. Shallow breathing is partly determined by the ability of chest expansion.
Introduction
Although minute ventilation (VE) increases linearly as work rate increases during a ramp exercise, an increasing pattern of tidal volume (TV) and respiratory rate (RR) is quite unique. Normally, below moderate work intensity during an incremental exercise test, increase ofVE mostly consists of TV augmentation, while near the peak exercise, increase of RR becomes a main factor to multiply theVE.
This ventilation pattern can be clarified by plotting TV as a function of RR during cardiopulmonary exercise testing using a ramp protocol [1, 2] . As shown in Fig. 1 , most of the TV vs. RR relationship is illustrated as an angled line. Below the inflection point, TV vs. RR relationship increases linearly in most cases, and the steepness of this line is an indicator of rapidness of ventilation. This slope is called the TV/RR slope [1] . The TV after the inflection point is an indicator of shallowness of ventilation. Therefore, we can quantify the rapidness and shallowness of ventilation using this plot during a ramp exercise.
In patients with chronic heart failure, a rapid and shallow ventilation mode is often investigated [3] . Since the ratio of anatomic dead space becomes greater and greater as the ventilation mode becomes shallower, shallow breathing is assumed to lead to deteriorated gas exchange. Namely, the extent of abnormal ventilation pattern Figure 1 Examples of TV vs. RR relationship. Almost normal pattern and rapid and shallow breathing pattern of TV vs. RR relationship. Left panel is from case 31. Although this patient shows severely impaired EF, his exercise tolerance is preserved. His RR vs. TV relationship seems to be normal. Right panel is a sample of case 2. Her exercise tolerance is impaired, and TV/RR slope is shallow and TV at plateau is low.
is assumed to relate with the degree of exercise intolerance. This phenomenon is supposed to occur not only in heart failure subjects. However, the relationship between TV/RR slope and exercise tolerance in heart disease patients has not been well studied. Also, a relationship between ability of chest expansion at rest and exercise tolerance is unknown. Therefore, we planned to evaluate the relationship between exercise tolerance and shallowness and rapidness of ventilation in heart disease patients.
Methods

Study populations
We studied 38 heart disease patients whose chief complaint was shortness of breath during their daily activity [ischemic heart disease 7, hypertension/hypertensive heart disease 21, arrhythmias (sick sinus syndrome, atrial fibrillation, etc.) 9, s/p CABG 3, s/p AVR 1, and valvular heart disease 3, Table 1 ]. The degree of shortness of breath varied since it was not diagnosed by pulmonary function test but by subjects' complaint, although six subjects had obstructive pattern on their pulmonary function test.
They underwent pulmonary function test and cardiopulmonary exercise testing using a ramp protocol on a cycle ergometer on the same day. Clinical data of enrolled subjects are shown in Table 1 . Patients with acute phase of myocardial infarction or open heart surgery were excluded. This study was approved by the ethics committee of Gunma Prefectural Cardiovascular Center. Written informed consent was obtained from all patients.
Exercise testing
Exercise tolerance was measured by cardiopulmonary exercise test using a ramp protocol. Ramp protocol starts 3 min at rest on ergometer, followed by 3 min unloaded exercise, and an incremental exercise at 10 W/min until exhaustion as usual [4] . Respiratory flow was measured by breath-bybreath method using gas analyzer (MINATO AE300S, Minato Ikagaku, Osaka, Japan). Anaerobic threshold was determined by V-slope method [5] . Oxygen uptake at peak exercise was regarded as peak VO 2 .VE vs.VCO 2 slope was determined by linear regression analysis [6, 7] . Anaerobic threshold andVE vs.VCO 2 slope were regarded as indices of exercise tolerance and severity of heart failure [4, 8, 9] .
TV vs. RR relationship was calculated using a graph of TV as a function of RR (Figs. 1 and 2 ). TV and RR related almost linearly during exercise until moderate work intensity. Then, this linearity broke down abruptly followed by nearly horizontal line. Usually, this inflection point is between anaerobic threshold and respiratory compensation point. We selected the earlier portion below the inflection point for evaluating a TV vs. RR relationship. We measured TV/RR slope by linear regression analysis as an index of rapidness of breathing during exercise. As well, we evaluated the value of TV after the inflection point. TV at plateau was calculated using a linear regression analysis. Its range of interest was from the inflection point until the peak exercise. A value of tidal ventilation at the point of intersection of these two lines was manually determined and regarded as TV at plateau. We regarded this TV at plateau as an index of shallowness of ventilation. As for the inter-and intraobserver variation, intraclass correlation coefficient ( ) of TV at plateau was 0.924 (p < 0.001) and 0.909 (p < 0.001). That is, this method to determine the TV at plateau had only a small unevenness and seemed to be reliable.
Although there is no paper that has shown TV/RR slope numerically, from a graph in a described paper, we can evaluate its value. Yokoyama et al. [1] showed that TV/RR slope of normal subjects, heart failure patients without shortness of breath (peakVO 2 19.5 ± 0.9 mL/min/kg), and with shortness of breath (peakVO 2 19.0 ± 0.5 mL/min/kg) were 78, 65, and 45, respectively. Similarly, Dimopoulou et al. [10] reported that TV/RR slope varied from 10 in heart failure patients (peakVO 2 : 12 ± 3 mL/min/kg) to 120 in normal subjects (peak VO 2 : 17 ± 5 mL/min/kg). Our average data of TV/RR slope was 81.5 ± 74.8 ranging from 3.0 to 316.0. Therefore, subjects in this study seem to cover from normal to relatively severe heart failing status from the point of TV/RR slope.
As for the TV at plateau, Witte et al. showed that tidal volume at the inflection point of normal sub- Figure 2 Example of improvement of TV vs. RR relationship. This is a sample of heart failure subjects (not included in this study). As the peakVO 2 improves, pattern of TV vs. RR relationship changes. jects and heart failure patients (NYHA II-III, peak VO 2 : 19.7 mL/min/kg) was 2.2 ± 0.6 and 1.6 ± 0.3 L, respectively [2] . Yokoyama et al. showed 1.6 L in normals and 1.3 L in heart failure patients. We showed 1.099 ± 0.300 L as an average value. Therefore, as for the TV at plateau, subjects enrolled to our study were evaluated as mild-to-moderate heart failure status.
Pulmonary function test
Pulmonary function test was measured at rest using Minato system 9 auto spirometer (Minato Ikagaku). Inspiratory capacity, which is an indicator of chest expansion, was measured as usual.
Statistical analysis
Data are expressed as mean ± S.D. Correlation coefficient was calculated to evaluate the relationship between each parameter.
Results
All patients performed cardiopulmonary exercise test until exhaustion without any complications. Mean anaerobic threshold and the peakVO 2 were 14.1 ± 2.5 and 23.0 ± 3.9 mL/min/kg (86.4 ± 15.0% and 88.4 ± 25.6% of age-and gender-matched controls, respectively). The averageVE vs.VCO 2 slope was 30.1 ± 4.4. Correlation between TV/RR slope and exercise tolerance is shown in Fig. 3 . There was mild correlation between them (with anaerobic threshold, r = 0.317; peakVO 2 , r = 0.302;VE vs.VCO 2 slope, r = −0.528).
As for the shallowness of the breathing, the relationship with chest expansion during exercise is illustrated in Fig. 4 (left panel) . TV at plateau was strongly correlated with inspiratory capacity (r = 0.641). TV at plateau was also mildly correlated with anaerobic threshold (r = 0.594), peakVO 2 (r = 0.550), andVE vs.VCO 2 slope (r = −0.390) as shown in Fig. 5 .
The relationship between the rapidness and shallowness of breathing during exercise is shown in Fig. 4 (right panel). They were positively correlated (r = 0.647).
Discussion
The present study clarified the relationship between ventilation mode and exercise tolerance. There are some previous papers concerning the rapid and shallow ventilation mode in chronic heart failure [2, 3, 11] . However, there was no paper describing the correlation between exercise tolerance and abnormal ventilation mode. Therefore, this is the first paper describing the correlation coefficient between rapidness or shallowness and exercise tolerance. Also, this paper first revealed the close relationship between chest expansion at rest and shallow breathing during exercise.
There are many reports describing the augmented increase inVE during exercise in chronic heart failure patients [2, 3, 6, 11] . This increase inV E is expressed as an augmentation ofVE relative to the increase of carbon dioxide output (VCO 2 ), known as aVE vs.VCO 2 slope. Steepness oḟ VE vs.VCO 2 slope is regarded as a good indicator of impaired exercise tolerance [6, 12] , abnormal mortality [4, 8, 9] , and increased symptoms. However, althoughVE vs.VCO 2 slope is a well-established indicator of exercise hyperpnea, and although an increasedVE is mostly consisted of augmented RR as compared with TV [13] , it is still difficult to evaluate the rapidness and shallowness of ventilation during exercise fromVE vs.VCO 2 slope.
Yokoyama et al. plotted the slope relating TV to RR in chronic heart failure and this slope was set as an index of rapidness of ventilatory mode [1] . In addition, they showed that there was a point on the TV/RR slope at which RR started to increase to TV. Although not necessarily this point appears as an inflection point [10] , in almost all the subjects, TV reaches a plateau and constant at the maximal and the highest value resulting in an increase in RR in order to multiply theVE. The value of TV at plateau is an indicator of shallowness of ventilation during exercise. Therefore, we used TV/RR slope as an index of rapidness and TV at plateau as an index of shallowness of breathing during exercise.
In this study, it was shown that TV/RR slope correlated weakly with exercise tolerance. We are not able to clarify the mechanism to enhance the frequency of RR in patients with impaired exercise tolerance from this study. However, it is speculated that increased ergoreflex [14] due to diminished skeletal muscle bulk [15] in these subjects facilitates the frequency of RR. As well, hypersensitized peripheral and/or central chemoreceptor, which is frequently seen in subjects with impaired exercise tolerance, also stimulates the frequency of breathing [16] . Correlation coefficient between TV/RR slope and exercise tolerance was weak in this study. This may result from the fact that exercise tolerance is regulated by multiple factors.
This paper also clarified a positive relationship between the depth of breathing and exercise tolerance. That is, we have demonstrated that TV at plateau is smaller as subjects' exercise tolerance is lower. Also, we showed that shallowness of breathing is highly correlated with inspiratory capacity. These results suggest that lower TV during exercise is deeply related to diminished chest expansion. Shallow breathing has been reported to appear when inspiratory muscle fatigue occurs, and this respiration is reported to minimize the respiratory sensation [17] . Also, increased lung stiffness due to pulmonary congestion induces shallow breathing [18] . These two mechanisms seem to account for the shallow breathing in this study since respiratory muscle weakness [19] and increased pulmonary wedge pressure during exercise [3] are common in chronic heart failure, though subjects are not necessarily the heart failure patients in this study.
In conclusion, it is revealed that both rapid breathing and shallow breathing are related to impaired exercise tolerance. Also, these two abnormalities are strongly correlated with each other, and shallow breathing is determined by the ability of chest expansion.
